Abstract-The performance of a dual-detector optical heterodyne receiver was analyzed and compared with the performance of a conventional single-detector heterodyne receiver. The dual-detector receiver is found to offer two main advantages over the single-detector receiver-1) increased performance in the presence of local oscillator intensity fluctuations that might severely degrade single-detector receiver performance, and 2) decreased local oscillator power requirements. These two advantages are particularly important in a communication system which uses semiconductor laser diodes as local oscillators. Such lasers suffer from intrinsic wide-band intensity fluctuations and can also impose strict power constraints on receiver design.
I. INTRODUCTION
T HE PERFORMANCE of a conventional single-detector optical heterodyne receiver can be severely degraded by intensity fluctuations of the receiver's local oscillator (LO). Such fluctuations produce at the detector photocurrent noise in excess of the usual quantum shot noise. (Photocurrrent noise produced by local oscillator intensity fluctuations will be referred to as being "excess noise" or "local oscillator noise." Photocurrent noise due to the quantum detection process will be called "shot noise. ") If the excess photocurrent noise is comparable to or larger than the quantum shot noise, receiver performance may be degraded. For noisy local oscillator lasers (such as semiconductor lasers), receiver performance degradation due to LO intensity noise can be substantial (2- An optical heterodyne receiver which uses two detectors with equal quantum efficiencies has been proposed by several authors [3]- [9] . Such a receiver uses its two detectors in a balanced-mixer configuration. This configuration gives the dual-detector receiver two main advantages over the conventional single-detector heterodyne receiver.
The first advantage is the dual-detector receiver's ability to cancel local oscillator noise. The local oscillator noise produced in each detector is in phase, while the IF beat signals in the two detectors are 180" out of phase. By subtracting the two photocurrents, the LO intensity noise can be suppressed. The resulting signal-to-noise ratio is Manuscript received December 12, 1984. shown to be greater than that which is possible with the conventional single-detector heterodyne receiver.
The second advantage is more efficient use of the local oscillator power. The dual-detector receiver makes use of both beam splitter outputs and collects all of the LO power, whereas the conventional single-detector receiver typically discards 90 percent or more of its LO power. Thus, the dual-detector receiver can offer improved performance in an LO power limited receiver.
In this paper, the local oscillator noise cancellation properties of such dual-detector receivers will be discussed. The work includes a discussion of several parameters that affect dual-detector receiver design and performance, including amplifier thermal noise, nonflat or unmatched detector frequency responses, unequal optical or electrical path lengths in the two branches of the receiver, and lossy beam splitters or couplers [lo] . These effects put constraints on the design of a practical receiver. Suggestions for building an optimum dual-detector heterodyne receiver will be given. The results of several experiments which demonstrate local oscillator noise cancellation will be presented, both for unguided-and guided-wave dual-detector optical heterodyne receivers.
DUAL-DETECTOR HETERODYNE DETECTION

A . Model
, An optical dual-detector heterodyne receiver uses a beam splitter to combine a weak received signal beam (average power S 2 ) with a stronger local oscillator beam (average power L2). S and L are assumed to be real (See rent in each detector is a Gaussian process with mean proportional to the power of the impinging optical field and a spectral height which can be determined [ll] . If the quantum efficiencies of the two detectors are q I and q2, respectively, the means of the photocurrents I , and Z2 are:
The mean photocurrents contain a dc component and a component at the IF difference frequency ( w , -w 2 ) of the signal and local oscillator fields. If
1--E the S2 term in each photocurrent can be neglected. The zero-mean Gaussian noise components of the photocurrents will have one-sided spectral density 2eZ + 2ey
(f)12. The first term is the white quantum shot noise generated in a photodetector with dc photocurrent I. The second term is due to the intensity fluctuations of the local oscillator. The local oscillator noise density has been found to vary as dc photocurrent squared and can be quantified by the parameter y. y has units of inverse current. Typical values of y range from lo2 to lo9 A-' depending on frequency and output power for GaAlAs semiconductor lasers [ 131. A value of y = lo3 A-' would imply that the photocurrent noise density produced in a detector with 1 mA of dc photocurrent was 3 dB above the quantum shot noise density.
Thus, the noise power densities N l and N 2 , for the two detectors can be written
Equations (2) and (3) show that the IF components of the two photocurrents must be 180" out of phase. However, by the assumption of relatively large local oscillator power, the excess noise generated at the two detectors is due mainly to LO intensity fluctuations which reach both detectors simultaneously. (The effect of unequal optical path lengths is discussed in Section 11-G.) Therefore, the excess noise in the two detectors will be in phase, though not necessarily equal in magnitude. By subtracting the two detectors' photocurrents, it should be possible to increase the IF signal power while decreasing the excess noise power. The resulting local-oscillator noise suppression is similar to that obtained in a microwave balanced mixer
The two shaping filters HI ( f ) and H2( f), are included in the dual-detector receiver model to account for possibly unequal detector frequency responses. For now, it will be assumed that H , ( f ) = H2(f) = 1. Also, two arbitrary noiseless amplifiers (or attenuators) with current gains A I and A2 have been inserted. The gains of these amplifiers can be adjusted to optimize the overall receiver's signalto-noise-density ratio.
A variable level of thermal noise, N t h , has also been added to the receiver model. As a first approximation, the thermal noise has been inserted after the adjustable gains and is assumed to be independent of the magnitudes of the gains. A more realistic model would have Nth being a function of the scaling gains, but this would unnecessarily complicate the model at this point. For now, it will be assumed that the receiver thermal noise is negligible compared to the quantum shot noise so that effectively N t h = t 121. 0. (Section II-E deals with the problem of nonnegligible thermal noise.) With Nth = 0, the amplifiers A I and A2 are redundant. Thus, let A2 = 1 and only vary A I .
After the scaling amplifier A I , the IF photocurrent and photocurrent noise power terms are equal to AIZ1 and A:Nl. Subtracting I2 and N2 gives the dual-detector IF beat signal ( I -) and noise power ( N -) terms 7-= 2 5
N -= 2e(&I,dc + 12,dc) + 2ey(Alll,dc -12,dc>2. (8) The signal-to-noise-density ratio (SNDR) is therefore: zero and the SNDR is the same as for a single-detector heterodyne receiver (see 10) with quantum efficiency q , no local oscillator intensity noise, and E = 0. However, the local oscillator power required for the single-detector receiver is much larger since E is close to 0 and most of the LO power is wasted. For the dual-detector receiver with q 1 = q2, E can be set equal to 4 and the same SNDR is achieved with much less local oscillator power.
If q l # q2, the excess noise will not be canceled completely when AI,OPT is used (except for the case y -+ 03). For semiconductor laser local oscillators with typical y (around lo3 A-I at 100 MHz) and for E = i, the excess noise will be reduced by a factor of (ql -q2)2. In fact, it can be shown that with the optimum gain, the dual-detecTo derive the SNDR of detector 1 or 2 separately, just let A I go to 00 or 0, respectively. Thus, for detector 1, the SNDR is:
Similarly, for detector 2:
Since the single-detector receiver is a special case of the dual-detector receiver and is not necessarily optimum, it is clear that the dual-detector receiver must always perform at least as well as the single-detector receiver. Substituting the value of AI,OPT back into (9) yields: tor SNDR expression is bounded:
B. Optimum Gain
This bound holds for all beam splitters ( E ) and excess noise levels (y), even as y -+ 00.
Even if the two detectors' quantum efficiencies are not well matched, the performance of the dual-detector receiver with optimizing gain is rather insensitive to the excess noise level. This is important since it implies that receiver performance will not degrade substantially if for some reason the local oscillator becomes noisier (e.g., due to aging). However, since does depend on y when q l # q2 and y is in general a function of frequency, AI,OPT will be a function of frequency. This property is undesirable, so it is important to keep the detectors well matched.
Notice also that the performance bound does not depend on E . Thus, the beam splitter may be chosen based on other factors-namely LO power and thermal noise. This independence of performance on E assumes, of course, that it is possible to implement A1,OpT.
C. Two Attenuators
A dual-detector receiver with an arbitrarily large gain and no thermal noise is not very realistic. A more realistic For the case of q l = q2 = q , Al,OPT = (1 -E ) / € which depends only on the beam splitter transmission E and not on the excess noise parameter y. Thus, for matched detectors the optimum receiver can be designed without prior knowledge of the local oscillator excess. noise characteristics. The excess noise term in the denominator goes to model to consider is one which constrains A I and A2 to be arbitrary noiseless attenuators with magnitudes between 0 and 1. For the receiver with no thermal noise, the two models are equivalent. However, when the effect of thermal noise is discussed in Section II-E, limiting the re- ceiver model to two attenuators will produce more real-hurt the theoretical receiver performance as long as the istic results. Thus, the SNDR calculations must be noise level is also small. Letting E -+ 0 optimizes the ratio. modified to include two arbitrary, noiseless attenuators. Also, as E -+ 0, the optimum attenuator values go to With this change, the SNDR becomes
The optimum attenuator values follow directly from the previous optimum gain calculation if the magnitude of at least one of the attenuators is equal to 1, i.e., no attenuation in at least one of the signal paths. Later, when nonnegligible thermal noise is added to the receiver model, this condition will be optimum. Thus = 1 and A2,OpT = 0. Thus, the receiver is effectively a single-detector receiver using only detector 1.
Similarly, if q l < 7 2 , then eOPT = 1, AI,OPT = 0 and A2,0PT = 1. (Unfortunately for both cases, the LO power must increase to infinity.) With no thermal noise and unmatched detectors, the optimum dual detector receiver makes use of the detector with higher quantum efficiency (16) .only, and a single-detector receiver performs equally well provided there is sufficient local oscillator power available. Of course, the dual-detector receiver signal-to-noise (I7) ratio would not be significantly degraded if the two detectors were nearly matched and E was chosen to be to save
Optimum Beam Splitter local oscillator power. A second parameter which can be varied to optimize the E. Thermal Noise receiver SNDR is the transmission coefficient E of the beam splitter. Fig. 2 shows the SNDR for both a single-
The real advantage of the dual-detector receiver over detector receiver (dashed line) and two dual-detector re-the single-detector receiver appears when there is nonceivers (solid lines) as E is varied. Zero decibels is defined negligible thermal noise in the receiver. Fig. 3 shows the to be the SNDR of a single-detector receiver (detector 1) SNDR with thermal noise for both a single-detector rewith q l = 1, no thermal noise, no excess noise, and e ceiver (dashed line) and a dual-detector receiver (solid approaching 0. As stated in Section 11-A, the SNDR of the line). The thermal noise level has been set to the quandual-detector receiver is always greater than or equal to tum shot noise level of the dual-detector receiver, which is the SNDR of the single-detector receiver.
typical of a receiver using a 5 0 4 front-end amplifier with If the two detectors have equal quantum efficiencies 1 mA of dc photocurrent. Also, a fixed local oscillator (upper solid line), all values of E will give equal perfor-power was used, since otherwise the LO power could be mance with the optimum attenuators.',This is the same re-continually increased until the thermal noise again besult that was obtained earlier with (13).
came negligible compared to the quantum shot noise.
However, if v1 > q2 (lower solid line), then the optimum The optimum E is constrained away from the extreme E (eOPT) is 0. Intuitively, both the IF signal power and the values of 0 and 1. This is due to the fact that as E apquantum noise power in detector 1 are decreasing as E , proaches 0 or 1, the IF signal power (which goes as ~( 1 -while the excess noise level decreases as E~. Since the E ) ) becomes very small, whereas the total noise is lower model neglects thermal noise, a small signal level does not bounded by the fixed thermal noise and therefore the SNDR decreases. Since the choice of beam splitter is now constrained away from the extreme values of E , local oscillator intensity fluctuations can degrade the single-detector receiver performance and the dual-detector receiver can yield a significant improvement.
Adding thermal noise Nth to (13) yields
where ZI and I, are the dc components of the two detectors' photocurrents.
The new values for the SNDR optimizing attenuators are
The presence of thermal noise always increases the magnitude of the optimum attenuators (if they are not already equal to one). Even for q l = q 2 , the excess noise will not in general be canceled as it was for the receiver without thermal noise. Intuitively, the optimum receiver sacrifices some amount of excess noise cancellation in order to increase the absolute IF signal level of one detector with respect to the thermal noise level.
When q l = q 2 , the value of E which maximizes the SNDR is 4 independent of the excess noise level (y) or the thermal noise level (Nth). This is because of the ~( 1
dependence of the IF signal power. However, the width of the SNDR maximum around eOPT = (i.e., the range of E for which good cancellation is possible) does depend on Interestingly, if qI = q2 there is a range of values of E around 4 where the optimum attenuators for the dualdetector receiver with thermal noise are -= 1. For this range of E , no attenuators are needed, simplifying the receiver design. As the thermal noise increases with respect to the quantum shot noise of the receiver, the range of E for which this effect occurs increases. Fig. 4 shows the difference between the SNDR for a dual-detector receiver which uses optimum attenuators and the SNDR for one which holds A I = A2 = 1 (i.e., no attenuators). For semiconductor laser local oscillators y and Nth. with y = IO3 A-' representing a relatively quiet LO (solid lines), there is little difference in performance between the two receivers for 0.4 < e < 0.6. However, if y increases to lo5 A-' representing a fairly noisy LO (dashed lines), the need for either the optimum attenuators or a tight constraint on E becomes apparent. As previously noted (Section 11-B), the dual-detector receiver's performance is relatively insensitive to the excess noise level when the optimum attenuators are used.
F. Unmatched Detector Frequency Responses
A further difficulty that may degrade the performance of a dual-detector receiver occurs when the two detectors have differing frequency responses. This problem could arise, for example, if the detectors have different bandwidths. For good cancellation, the LO noise photocurrents in both detectors must be well matched both in amplitude and phase over the entire frequency band of interest. If one detector begins to roll off before the other near the edge of the frequency band, poor cancellation could result. For 20 dB of cancellation with a 50150 beam splitter and both attenuators equal to 1, the detector responses must be matched within at least 1.6 dB (assuming matched phases) and 11 O (assuming matched amplitudes). Clearly, if one detector has rolled off by 3 dB and acquired a 45" phase shift relative to the other, poor cancellation will result.
Unmatched detector frequency responses can also occur because of line resonances in the two signal paths when the detectors are physically connected into a circuit. If the noise in each detector is unequally amplified due to differing line resonances in the two signal paths, the balancedmixer action of the dual-detector receiver may be disrupted. In fact, an attenuator designed to maximize the SNDR of a particular receiver might change the line resonances of the signal path in which it is placed enough to lower the overall SNDR rather than increase it as predicted.
If the complex frequency responses of the two branches of the dual-detector receiver are modeled as the shaping If the device used to couple the two fields is lossy, the This bound holds with equality for all f where the two frequency responses are in phase.
G. Unequal Path Lengths
Excess noise cancellation can be degraded by unequal optical or electrical signal path lengths in the two branches of the dual-detector receiver. A differential delay T, either optical or electrical, between the beam splitter and the photocurrent subtraction point gives a relative phase shift to one branch of the receiver. This phase shift is linear with frequency. The relative phase shift between the IF signals due to the optical delay will be ( w l -w2) -T * 360/(2~)". The excess noise components in the two detectors will also be given a relative phase shift equal to f * T * 360". In general, the excess noise will not be well canceled when the two photocurrents are subtracted. The problem can, of course, be corrected by simply inserting equal delay, either optical or electrical, in the opposite signal path.
At frequency f, the differential time delay T, necessary to give a 0" phase shift is A reasonable limit to the allowable differential phase shift between the two branches of the receiver is around 11 " (see Section 11-F). This phase shift will still yield a 20-dB reduction in the excess noise if all other parameters are optimum. For 0 equal to 11" and f = 1 GHz, T is -30 ps which corresponds to an optical path difference of -9 mm or an electrical path difference of a few millimeters. Differential path lengths significantly greater than these limits may disrupt excess noise cancellation at high frequencies.
relative phase shift 4 need not be 90". Typically, the loss in a dielectric beam splitter is negligible, assuming that its second surface is antireflection coated. However, the loss in a single-mode fiber coupler may be several decibels.
If the fractional insertion loss of the coupler is defined as :
and the coupler is symmetric with a 1:l output power split, it is shown in the Appendix that a bound exists on the relative output phase shift 4:
This bound holds if the loss is less than 3 dB (0 I QI < 0.5). 
(deg)
Fig . The first experiment used a relatively large-area (5.1 mm'), small-bandwidth (200 MHz) silicon p-i-n photodetector and unguided laser beams. This experiment demonstrated cancellation of photocurrent noise due to relatively low-frequency intensity fluctuations in the LO field and verified the enhancement of the IF beat signal power as predicted by the analysis [9] . This experiment also verified.the effect of uriequai signal path lengths on LO noise cancellation.
The second experiment used small-area (0.01 mm'), large-bandwidth ( > 3 GWz) silicon p-i-n photodetectors to e'xtend the noise cancellation measurements out to 3 GHz. The laser beams were unguided. It was demonstrated that noise at the relaxation resonance frequency of a semiconductor laser ( -1-10 GHz) could be effectively canceled
by the dual-detector receiver [14] . The third experiment used single-mode optical fiber to guide the laser beams. A directional fiber coupler was used (28) rather than a beam splitter to combine the received signal MHz, was used as the received signal beam. The two beams were passed through an optical attenuator. This attenuator provided for variable local oscillator and received signal beam power levels without changing the laser operating point. Changing the attenuation did not significantly change the optical feedback to the laser diode or its excess intensity noise characteristics. The two beams were combined with a 55/45 beam splitter (The beam splitter was nominally 50/50. It was actually measured to be 55/45 ( E = 0.55), which implies that,the optimum scale factors are not equal to 1.
= (1 -E ) / € = 0.82 = -1.7 dB and = 1 assuming Nth = 0 and matched detectors.) and mixed in two silicon p-i-n detectors (EG&G Model FND-100, 5.1 mm2, 200 MHz) to obtain the photocurrents I , and 12. For these experiments, the SNDR optimizing gains AI,OPT and A2,OpT were not implemented.
The two photocurrents were subtracted with a microwave hybrid junction (Anzac Model H-9; 2-2000 MHz, Fig. 9 ). The hybrid junction is a passive four-port device which takes two inputs ZI and Zi and produces two outputs.
Neglecting a small insertion loss, the output from the 0"-0" port is (II + I,)/&, and the output from the 0"-180" port is (Il -Z2)/&. The output from the 0"-180" port of the hybrid junction was then amplified and sent to a spectrum analyzer. Spectra were taken for both the conventional single-detector receiver and the dual-detector receiver.
For the single-detector receiver measurements, the combined fields hitting detector 1 produced ZI,, containing a beat,signal and noise with a dc component of 1.93 mA. The beam normally hitting detector 2 was blocked so that Z2,s = 0. ZL,, was passed through the hybrid junction to obtain the single-detector receiver output current I,. Due to the hybrid junction, half of the beat signal power and noise power of Zl,, are lost. However, this procedure simplifies the comparison between the single-and dual-detector receivers, since it ensures that both have the same insertion losses and detector loads.
For the dual-detector receiver measurements, detector Fig. 10 . Low-frequency intensity noise cancellation data (no delay).
2 was unblocked. The optical attenuator was adjusted to reduce the laser power so that the sum of the dc components of the photocurrents in detectors 1 and 2 (1.10 and 0.83 mA, respectively) equaled the dc component of the photocurrent in detector 1 for the single-detector receiver measurements (1.93 mA). The resulting Z 1 , D and 12,D were subtracted with the hybrid junction to obtain the dual-detector receiver output current ID. Using this procedure, the quantum noise levels for the two receivers are equal (if the detector frequency responses are matched).
The quantum shot noise level was found by shining an incoherent white light source on the detectors. The noise produced in the detectors in this manner is quantum limited [ 151.
The amplifier thermal noise was measured with the light inputs to both detectors blocked. The resulting noise power density was assumed to be independent of all other noise power densities. Therefore, it could be subtracted from the other traces to obtain the noise power densities due to shot noise and local oscillator intensity fluctuations alone. The analysis of section I1 shows that for this procedure 10 i t (32) predict the following theoretical results:
DOUBLE-DETECTOR
N O I S E D E N S I T Y R E C E I V E R
As predicted, the two beat signals did add constructively, whereas the local oscillator excess intensity noise was substantially suppressed. There is a discrepancy between the amounts of cancellation observed in this case and that which was predicted. The expected 17 dB of cancellation was in fact observed for several runs of the experiment. It was later discovered that the local oscillator's excess noise floor was slowly varying with time. This variation was several decibels in magnitude with a period on the order of a few minutes. Such a variation could account for the range of 14-17 dB of cancellation observed.
The effect of unmatched signal path lengths in the two branches of the dual-detector receiver was measured by inserting a long coaxial cable between detector 1 and the hybrid junction. (The effect of a differential electrical delay is identical to the effect of an equal differential optical delay.) The delay of the cable was found by taking onehalf of the round trip time of a pulse injected in one end of the cable with the opposite end shorted. The one-way delay was measured to be T = 15.4 ns (UT = 65 MHz). The noise cancellation data for the dual-detector receiver with unmatched path lengths is shown in Fig. 11 . The data displays the 1 -cos (2afT) dependence of the excess noise cancellation.
Although this data corresponds to an extreme difference in length between the two signal paths, it demonstrates the requirement of near equal path lengths ( < 1 cm difference) if 20 dB of LO intensity noise cancellation is desired for frequencies up to 1 GHz. 
B. Large-Bandwidth Unguided Dual-Detector Receiver
The intensity noise of semiconductor lasers is not flat beyond 150 MHz as Fig. 10 might suggest. There is a strong broad-band resonance (typically tens of decibels above the 10-100 MHz noise floor) in the intensity noise spectrum which peaks at a frequency on the order of 1 to 10 GHz [ 161. The low-frequency tail of the resonance can severely degrade a conventional wide-band single-detector heterodyne receiver's performance.
However, the dualdetector receiver can cancel this resonance.
The apparatus used for the experiment to demonstrate high-frequency LO noise cancellation is shown in Fig. 12 . It was similar to the low-frequency. apparatus, except that the detectors were replaced with smaller-area (0.01-mm2), larger-bandwidth ( > 3 GHz) p-i-n silicon detectors (Ford Aerospace Model L4502).
The measurements were taken as follows. A Hitachi HLP1400 was biased at 64.5 mA (Z/Zth -1 = 0.072). The relaxation resonance frequency& for this diode was given by the relationshipf, = 6.01 * (Z/Zth -1)1'2 GHz. Thus, the peak of the relaxation resonance was at 1.5 GHz. The laser (LO) beam was blocked periodically by a chopper which also provided a frequency and phase reference to a lock-in amplifier. The LO beam was split with a 55/45 beam splitter. The acoustooptical modulator was not used, and no attempt was made to demonstrate IF signal enhancement. The dc photocurrents in detectors 1 and 2 after chopping were 9.9 and 9.3 PA, respectively. The photocurrents produced in the two detectors were subtracted, amplified, and sent to the spectrum analyzer. The spectrum analyzer video output was squared and sent to the lock-in amplifier. The lock-in output was proportional to the photocurrent noise power density produced in the detector by the laser beam.
LO intensity noise spectra were taken for both a singledetector receiver (detector 1) and the dual-detector receiver. Calibration of the apparatus was obtained by illuminating each detector with an incoherent white light source. The intensity of the white light source was adjusted to produce the same dc photocurrents in the two detectors as had been produced by the laser. The photo- current noise produced in this manner was quantum-limited. The laser intensity noise spectra were normalized by the quantum shot noise spectra. The spectra for the singledetector receiver (at 9.9 PA) was scaled to correspond to the noise power density that would have been observed if the dc photocurrent was equal to that of the dual-detector receiver (at 19.2 PA). The scaling was done as follows. Subtract 1 from the ratio of laser intensity noise density to shot noise density. Multiply this quantity by (19.2 pA/9.9 PA) and add 1. The results are shown in Fig. 13 . The upper trace is the photocurrent noise power density of the scaled single-detector receiver. The lower trace (labeled "DUAL-DETECTOR RECEIVER") is the noise power density after cancellation. Zero decibels on the plot is the quantum noise power density. The excess noise power density has been reduced by >20 dB over most of the frequency range. The total noise power density is < 3 dB above the quantum limit at the relaxation resonance peak. The increase in the noise floor at 1.5 GHz is due to mismatch of the two detectors' frequency responses. The third trace (labeled "PREDICTED CANCELLATION") shows the predicted noise floor of the dual-detector receiver based on the noise floor of the single-detector receiver, the detector photocurrents, and the measured detector frequency responses (see Fig. 14) . Fig. 14 was obtained from the quantum shot noise measurements for each detector. The two detectors' responses are matched within 1 dB until about 1.5 GHz. At that frequency and beyond, the mismatched is often greater than 2 dB and poor cancellation is expected (see Section 11-F).
C. Guided Dual-Detector Receiver
In this section, an experiment demonstrating local oscillator intensity noise suppression in single-mode fiber is presented. The experimental apparatus was identical to that of the unguided, low-frequency measurements (Section 111-A), except that the beam splitter was replaced by a directional fiber coupler (Fig. 15) [17], [ 181.
The function of the fiber coupler is similar to that of a beam splitter. Light from the local oscillator beam ( L ) and from the received signal beam (S) are focused into the coupler's inputs 1 and 2. (In a real system, the signal beam would have been focused into the fiber at the transmitter end of the link.) The coupler takes the energy in each input and splits it according to some ratio which depends on the coupler's construction, the input polarization, and the input wavelength. The outputs 3 and 4 which contain some fraction of each input, are mixed in the detectors to produce the heterodyne beat signals.
If the coupler is lossless and symmetric, it will perform the same function as a beam splitter. Unfortunately, practical couplers typically have a few decibels of insertion loss. Since the coupler is lossy, the two heterodyne beat signals need not be 180" out of phase (see the Appendix).
The insertion loss of the coupler used in the experiment was found to be 8 dB. With this large value of insertion loss, the previously given bound on the relative phase shift 4 between the two output ports is useless. The actual phase shift was measured by using the following technique. For the measured rms amplitudes, a = 2.43 mV, b = 1.74 mV, and c = 3.92 mV: measurements, the acoustooptical modulator was turned off. The dc photocurrents in detectors 1 and 2 were 50 and 24 = 140".
(36) 8 pA, respectively, implying a 6:l output-power-split ratio
The individual signal levels of the two detectors were not equal. This implies that the fiber coupler was not a symmetric device, since the detectors were well matched.
for the local oscillator input. With this split and no scaling gains or attenuators, the expected LO noise cancellation is (from (32)).
Let the scattering matrix of the coupler be given by T so that 6 -1 2 10 loglo (G) = -3 dB. Fig. 17 shows the LO intensity noise cancellation data (37) for the fiber coupler dual-detector heterodyne receiver.
The upper trace is the data for detector 1 (at 50 pA) scaled -to correspond to the noise in a single-detector receiver with T a photocurrent of 58 pA (see Section 111-A). The lower trace is the dual-detector receiver noise floor at 58 pA. The measured magnitudes of the scattering matrix coefZero decibels is the quantum noise level. The rise in inficients were tensity noise at 160 MHz is due to feedback into the laser show a 3-dB decrease in the noise floor as predicted. The output power splits were found to be extremely senFirst, the dual-detector heterodyne receiver can provide sitive to the input polarization. The optical fiber used in near-quantum-limited performance in the presence of sethe coupler was not polarization preserving fiber. Bending vere intensity fluctuations that might substantially degrade the fiber or moving the coupler could drastically change a single-detector receiver's performance. This is due to the output power splits. The inputs to the,fiber were iden-the LO intensity noise cancelling nature of the balanced tical in polarization. However, after traveling through the receiver. Not only does this property increase perfor--40-cm fiber pigtails to the coupler, the two input polar-mance, it also increases the receiver's robustness. The reizations may have been changed significantly. ,This could ceiver's performance is insensitive to changes in the local result in the assymmetric power split observed.
oscillator's noise characteristics, which may result, for exsured for the fiber coupler. 7.4 X lo-' of the power input Second, the dual-detector heterodyne receiver is able to to port 1 was found to leak out port 2. This level of iso-achieve this improved performance and robustness with lation could possibly cause the local oscillator to beat with much less local oscillator power. Since both beam splitter itself due to multiple reflections in the coupler. The local outputs are collected, no LO power is wasted, as opposed oscillator noise produced in the two detectors in this man-to a single-detector receiver where typically more than 90 ner would be 180" out of phase and thus increase when percent of the local oscillator power is discarded. This subtracted rather than cancel. property is very important if the receiver's performance loss in the coupler, the LO noise cancellation property of The increase in complexity of the dual-detector receiver the dual-detector receiver does not. For the noise floor over the single-detector receiver required to achieve these (39) local oscillator power requirements.
The output from port 2 with input to port 1 was mea-ample, due to aging.
Though the beat signal enhancement does depend on is local oscillator power limited. advantages is minimal. All that is required is to find a well-matched second detector to collect the second beam splitter or coupler output. The subtraction of the two photocurrents is not difficult. No scaling attenuators are necessary if the beam splitter is chosen to be 50150 and the detectors are well matched.
For optimum performance and greater than 20 dB of local oscillator noise cancellation, the dual-detector receiver should use a 50/50 beam splitter (or coupler) with less than 1-dB power loss. The beam splitter should be kept as close to 50150 as possible (better than 45/55) to prevent the need of scaling attenuators. Signal path lengths must be matched (to within a few millimeters for a 1-GHz receiver). And finally, it is necessary to have two detectors matched to within 1 dB-both in quantum efficiency and frequency response.
If a communication system is to make use of optical heterodyne technology and use a local oscillator which is noisy or power limited, the dual-detector receiver is far preferable to the conventional single-detector receiver. Fig. 18 shows a four-port device with two inputs and two outputs. If the device is linear and symmetric, each input is coupled to both outputs with a resulting magnitude change and phase shift. The coupling coefficients can be represented by two unknown complex constants A and B , such that for two arbitrary complex inputs S and L the resulting outputs are AS + BL and BS + AL,.
APPENDIX COUPLER PHASE SHIFTS
The transformation of the coupler is given by: Whether or not the coupler is lossless, the matrix Z -T + T must be positive semidefinite. This is equivalent to the statement that there is no power gain due to the transformation. With this constraint, it can be shown that the magnitudes of the eigenvalues of Tare s 1 (the eigenvalues of the identity matrix).
Let u1 and u2 be normalized eigenvectors of T such that:
TU, = X l~l Tu2 = h 2~2 u:u1 = 1 u;u2 = 1.
(45)
Since I -T + T is positive semidefinite 
Thus, I X 1 I 2 5 1. Similarly, I X 2 I 2 I 1.
The magnitudes squared of the eigenvalues of Tare
JX2I2 = a2 + b2 -2ab cos (4). 
